Introduction {#Sec1}
============

Colorectal cancer (CRC) is the third leading cause of cancer-related death worldwide, including in Taiwan^[@CR1]--[@CR3]^. According to cancer statistics by the World Health Organization (WHO), about 774,000 people died from CRC in 2015^[@CR2]^; while, the WHO-standardized death rate from this disease in Taiwan was 14.9% (5,687 deaths)^[@CR3]^. These statistics reflect its great impacts on human health and the global mortality rate. Thus, a careful examination of the specific growth factors involved and their associations with metastasis of CRC and patient survival might help in the diagnosis, determining the prognosis, and eventually in reducing the death rate from CRC.

The vascular endothelial growth factor (VEGF) family, including VEGF-A, -B, -C, -D, and placental growth factor (PlGF), has been associated with the risk of CRC^[@CR4]--[@CR16]^. In particular, high VEGF-A expression positively correlated with stages II-IV or with reduced survival in Finish CRC patients^[@CR5]^; while, bevacizumab, a recombinant humanized monoclonal antibody against VEGF-A, improved patient survival^[@CR6]^. In a New Zealand study, VEGF-A and -C levels correlated with the tumor grade and tumor size of CRC, VEGF-B expression was decreased in carcinomas compared with adenomas, and levels of VEGF-D were higher in normal tissues than CRC tissues^[@CR7]^. In addition, VEGF-C was higher in the CRC tissues of UK patients relative to normal colon epithelium and correlated with metastasis in Portugal CRC patients^[@CR8],[@CR9]^; while, VEGF-D was an independent prognostic marker for survival in the UK CRC patients^[@CR10]^. Although high levels of VEGF-C and VEGF-D proteins correlated with lymph node metastasis and the long-term prognosis in Chinese CRC patients^[@CR11]^, there were no associations between other VEGF family members and the CRC stages. The fifth VEGF member PlGF positively correlated with CRC stage and patient survival in studies from Turkey and Korea^[@CR12],[@CR13]^. In Taiwan, VEGF-A overexpression predicted early postoperative relapse and survival of stage I-III CRC patients^[@CR14]^; while PlGF overexpression was higher in the advanced CRC group than the localized group and its serum levels were higher in preoperative CRC patients than healthy subjects^[@CR15],[@CR16]^. The associations between other VEGF members and metastasis and poor survival are unknown in Taiwanese CRC patients. Together, clinical studies suggest that the association with CRC depends on the types and levels of the VEGFs, the patient's clinicopathological variables, and the patient's ethnicity. Little is known about VEGF protein profiles in tumor tissue vs. blood and their associations with metastasis and survival in CRC patients.

There are three main subtypes of VEGF receptors (VEGFRs), VEGFR-1, VEGFR-2, and VEGFR-3. Like their ligands, the receptors are associated with the clinicopathological variables of the CRC subjects and these associations vary with subtype and ethnicity^[@CR7]--[@CR10],[@CR17]--[@CR20]^. For example, in a US study, VEGFR-1 was detected in primary CRC and hepatic metastases, but not in nonmalignant mucosa^[@CR18]^; while, VEGFR-2 and VEGFR-3 correlated with invasive adenocarcinoma and hepatic metastasis, respectively, in Portugal CRC patients^[@CR9]^. In a New Zealand study^[@CR7]^, VEGFR-1 and VEGFR-2, but not VEGFR-3, correlated with lymph node involvement; while, in a UK study^[@CR10]^, VEGFR-3 did not act as an independent prognostic marker for survival in CRC patients. It is worth exploring whether expression levels of the VEGFR members in tumor tissue were consistent with their soluble secreted isoforms in serum in distinguishing metastatic CRC (mCRC) from non-mCRC subjects.

The present study was designed to investigate both tumor tissue and circulating protein levels of the VEGF and VEGFR families in Taiwan CRC patients, and their associations with clinicopathological variables and survival. We also determined if the circulating VEGF and soluble VEGFR (sVEGFR) levels differed between healthy and CRC subjects.

Results {#Sec2}
=======

Clinicopathological characteristics {#Sec3}
-----------------------------------

Among the 114 CRC patients screened at our clinic, 109 fulfilled the inclusion criteria and their clinicopathological characteristics are summarized in Table [1](#Tab1){ref-type="table"}. The mean age of the subjects was 69.35 years and 77 men and 32 women were included. There were 60 (55%) and 49 patients (45%) with colon and rectal cancers, respectively. Thirty nine patients (36%) had a tumor that was larger than 5 cm, and 70 patients (64%) had a tumor with less than 5 cm. One hundred patients (92%) had well or moderately differentiated cancers, and 9 patients (8%) had poor or mucinous cancers. There were 50 cases of early-stage (I/II) and 59 cases of late-stage (III/IV) CRC. There were 55 patients (51%) with lymph node metastasis (N1/N2) and 46 patients (42%) with elevated serum carcinoembryonic antigen (CEA) levels \>5 ng/ml. According to the BMI criteria for overweight and obese subjects in Taiwan (cut-off values of 24 and 27, respectively), there were five patients (4.6%) who were underweight, 60 patients (55%) of normal weight, 39 patients (35.8%) who were overweight, and five obese patients (4.6%).Table 1The percentage of CRC patients (n = 109) reporting a positive VEGF or VEGFR in tumor tissues varied with clinicopathological characteristics after analysis of immunohistochemistry.Characteristicsn (%)VEGF-A n (%)VEGF-B n (%)VEGF-C n (%)VEGF-D n (%)PlGF n (%)VEGFR-1 n (%)VEGFR-2 n (%)VEGFR-3 n (%)Gender  male77 (71)65 (84)61 (79)60 (78)62 (81)62 (81)55 (71)66 (86)60 (78)  female32 (29)31 (97)^†^25 (78)23 (72)24 (75)29 (91)23 (72)21 (66)\*23 (72)Age, Mean years 69.35 ± 1.26 (34--93)  \<6539 (36)30 (77)21 (54)19 (49)24 (62)27 (69)20 (51)26 (67)23 (59)  ≧6570 (64)66 (94)\*65 (93)\*64(91)\*57 (81)\*64 (91)\*58 (83)\*61 (87)\*54 (77)\*BMI (Kg/m^2^)  \<2465 (60)57 (88)49 (75)48 (74)38 (65)49 (75)37 (57)48 (74)37 (57)  ≧2444 (40)39 (89)37 (84)35 (80)33 (77)^†^42(96)\*41 (93)\*39 (89)^†^31 (71)^†^Location  colon60 (55)50 (83)43 (72)38 (63)43 (72)48 (80)38 (63)51 (85)51 (85)  rectum49 (45)46 (94)^†^43 (88)\*45 (92)\*42 (86)^†^43 (88)40 (82)\*36 (74)^†^32 (65)\*Size (cm)  \<570 (64)65 (93)61 (87)52 (74)48 (69)59 (84)45 (64)51 (73)49 (70)  ≧539 (36)31 (80)\*25 (64)\*31 (80)30 (77)32 (82)33 (85)\*36 (92)\*34 (87)\*Histological differentiation  well/moderate100 (92)88 (88)78 (78)75 (75)73 (73)83 (83)70 (70)79 (79)70 (70)  poor/mucinous9 (8)8 (89)8 (89)8 (89)8 (89)8 (89)8 (89)8 (89)8 (89)UICC TNM stage  I/II (non-metastasis)50 (46)39 (78)35 (70)30 (60)31 (78)37 (74)31 (62)34 (68)32 (64)  III/IV (metastasis)59 (54)54 (92)\*51 (86)\*53 (90)\*50 (85)\*54 (92)\*47 (80)\*53 (90)\*49 (83)\*Lymph node metastasis  N054 (49)51 (94)47 (87)36 (67)37 (69)42 (78)32 (59)43 (80)35 (65)  N1/N255 (51)45 (82)\*39 (71)\*47 (86)\*45 (82)^†^49 (89)^†^46 (84)\*44 (80)47 (86)\*CEA (ng/ml)  \<563 (58)57 (91)51 (81)45 (71)42 (67)51 (81)40 (64)48 (76)45 (71)  ≧546 (42)39 (85)35 (76)38 (83)33 (72)40 (87)38 (83)\*39 (85)37 (80)Notes: The percentage of cytoplasmic staining of tumor cells for VEGF or VEGFR more than 25% was considered as "positive". The percentage of patients reported with a positive VEGF or VEGFR in tumor tissues per number (n) of the variable patients. The mean age with a range from 34 to 93 years old was estimated from 109 CRC patients. The means ± SD values for CEA less than 5 ng/ml and more than 5 ng/ml were 2.87 ± 0.16 ng/ml and 56.82 ± 22.08 ng/ml, respectively. VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; CRC, colorectal cancer; BMI, body mass index; CEA, carcinoembryonic antigen. ^†^*p* \< 0.1; \**p* \< 0.05.

Tissue level of VEGF proteins {#Sec4}
-----------------------------

Levels of VEGF proteins differed between tumor tissues and normal adjacent epithelium (NA^E^) (Fig. [1](#Fig1){ref-type="fig"}). When tumor tissues were stage-specifically compared with NA^E^, the following were significantly higher: VEGF-A in all stages, VEGF-B in stages III-IV, VEGF-C in stage IV, VEGF-D in stage III, and PlGF in stages II-IV (Fig. [1](#Fig1){ref-type="fig"}). Stage III tumors had significantly higher VEGF-A, -B, and -D levels than stage I, while stage IV had higher VEGF-B and -C proteins than stage I. Additionally, VEGF protein levels varied according to other clinicopathological features of patients, independent of gender and CEA values (Table [1](#Tab1){ref-type="table"}). For example, all the VEGFs in tumor tissue were higher in CRC patients aged ≥65 than in those aged \<65. There were higher percentages of overweight and obese CRC patients positive for PlGF protein than normal weight and underweight CRC patients. A greater percentage of rectum tumor patients were positive for VEGF-B or VEGF-C protein in tumor tissues than colon tumor patients. About 80% and 64% of patients with a tumor size ≥5 cm had VEGF-A-positive and VEGF-B-positive tumor tissues, respectively, compared with 93% and 87% of patients with a tumor size \<5 cm. All VEGFs were significantly higher when comparing mCRC with non-mCRC (Table [1](#Tab1){ref-type="table"}). There were also significantly increased VEGF-A, VEGF-B, and VEGF-C levels, as well as a trend towards increased VEGF-D and PlGF proteins (Table [1](#Tab1){ref-type="table"}), in patients with lymph node metastasis vs. those without lymph node metastasis.Figure 1Differential protein levels of the vascular endothelial growth factor (VEGF) family were found between tumor tissues (T) and normal adjacent epithelium (N) when colorectal cancer (CRC) was examined by the immunohistochemical staining method. With an Image-J system, each scanned T or N section with 3,3′-diaminobenzidine (DAB)-staining intensity was quantified within 5 regions of interest, the average integrated optical density (IOD) was calculated, and data were normalized to N according to the IOD values. After normalization to N of each given stage of the CRC, the levels of VEGF and placental growth factor (PlGF) proteins were expressed as a percentage of normal adjacent epithelium, and data were presented as means ± SD. Data of VEGF and PlGF shown here for tumor (T) patients (X-axis) of the bar graph were expressed as means ± SD from all 109 CRC patients with stages I, II, III and IV. \**P* \< 0.05, tumor tissues *vs* normal adjacent epithelium; ^§^*P* \< 0.05, tumor patients *vs* Stage I; ^¶^*P* \< 0.05, tumor patients *vs* Stage II. Magnification, 40*X*.

Tissue levels of VEGFR proteins {#Sec5}
-------------------------------

Like their ligands, all three VEGFRs had different protein levels when comparing tumor tissues with NA^E^ and mCRC with non-mCRC (Fig. [2](#Fig2){ref-type="fig"}). Tumor tissues had higher VEGFR levels than NA^E^; particularly, VEGFR-1 and -3 proteins were significantly higher in stage III and VEGFR-2 was significantly higher in stages III-IV. Additionally, stage III patients had higher levels of all VEGFRs than stage I or stage II patients. There were also significant differences in the VEGFRs according to gender, age, body weight, tumor site, tumor size, lymph node metastasis, or CEA values (Table [1](#Tab1){ref-type="table"}). About 86% of male CRC patients had VEGFR-2-positive tumor tissues compared with 66% of female CRC patients, and this difference was significant. About 83%, 87%, and 77% of CRC patients aged ≥65 had VEGFR-1-positive, VEGFR-2-positive, and VEGFR-3-positive tumor tissues and this was significantly more than the 51%, 67%, and 59% of CRC patients aged \<65. Among overweight and obese CRC patients, 93% had VEGFR-1-positive tumor tissues compared with 57% of normal and underweight CRC patients. There were 82% and 65% of rectum tumor patients and 63% and 85% of colon tumor patients positive for VEGFR-1 and VEGFR-3 protein in tumor tissues, respectively. About 85%, 92%, and 87% of patients with a tumor size ≥5 cm had VEGFR-1-positive, VEGFR-2-positive, and VEGFR-3-positive tumor tissues compared with 64%, 73%, and 70% of patients with a tumor size \<5 cm. The VEGFR-1, VEGFR-2, and VEGFR-3 proteins were all significantly higher when there was metastasis compared with non-metastasis, according to the TNM system (Table [1](#Tab1){ref-type="table"}). However, about 84% and 86% of patients with lymph node metastasis were positive for VEGFR-1 and VEGFR-3 proteins in tumor tissues, respectively, compared with 59% and 65% of patients without lymph node metastasis. About 83% of patients with serum CEA levels ≥5 ng/ml had VEGFR-1-positive tumor tissues compared with 64% of patients with serum CEA levels \<5 ng/ml.Figure 2Differential protein levels of the vascular endothelial growth factor receptor (VEGFR) family were found between tumor tissues (T) and normal adjacent epithelium (N) when colorectal cancer (CRC) was examined by the immunohistochemical staining method. With an Image-J system, each scanned T or N section with 3,3′-diaminobenzidine (DAB)-staining intensity was quantified within 5 regions of interest, the average integrated optical density (IOD) was calculated, and data were normalized to N according to the IOD values. After normalization to N of each given stage of the CRC, the levels of VEGFR proteins were expressed as a percentage of normal adjacent epithelium, and data were presented with as means ± SD. Data of VEGFR shown here for tumor (T) patients (X-axis) of the bar graph were expressed as means ± SD from all 109 CRC patients with stages I, II, III and IV. \**P* \< 0.05, tumor tissues *vs* normal adjacent epithelium; ^§^*P* \< 0.05, tumor patients *vs* Stage I; ^¶^*P* \< 0.05, tumor patients *vs* Stage II. Magnification, 40*X*.

Serum VEGF levels in healthy and CRC subjects {#Sec6}
---------------------------------------------

Before we examined if the levels of circulating VEGF proteins were similar to their tumor tissue levels in their associations with different stages of CRC, we compared CRC patients with healthy subjects (Fig. [3](#Fig3){ref-type="fig"}). The CRC patients had higher circulating VEGF levels than healthy subjects. We found VEGF-A, -B, and PlGF proteins were significantly higher at all stages; while, serum VEGF-C and -D proteins were significantly higher in stages II-IV and III-IV, respectively (Fig. [3](#Fig3){ref-type="fig"}). The following serum levels were generally higher compared with stage I: VEGF-A in stages II-IV, VEGF-B in stage III, VEGF-C in stages II-IV, VEGF-D in stages III-IV, and PlGF in stages II-IV. Patients with mCRC had higher circulating levels of VEGF-A, -B, -C, -D, and PlGF proteins than those without metastasis (Table [2](#Tab2){ref-type="table"}). Also, the serum VEGF proteins varied with gender, age, body weight, tumor site, tumor size, tumor differentiation, TNM stage, or lymph node metastasis.Figure 3Differences in the circulating level of the vascular endothelial growth factor (VEGF) family and the soluble secreted VEGF receptor (sVEGFR) family were found among healthy subjects and different stages of the colorectal cancer patients after the analysis of ELISA. Data were expressed as means ± SD. Data of tumor (T) patients (X-axis) were expressed as means ± SD (n = 80) from all CRC patients with stages I, II, III and IV. ^\*^*P* \< 0.05, tumor patients *vs* normal subjects; ^§^*P* \< 0.05, tumor patients *vs* Stage I; ^¶^*P* \< 0.05, tumor patients *vs* Stage II; ^\#^*P* \< 0.05, tumor patients *vs* Stage IV.Table 2Serum levels of VEGF and sVEGFR proteins varied with clinicopathological characteristics of CRC patients (n = 80) after ELISA analysisCharacteristicsSerum (pg/ml)n (%)VEGF-AVEGF-BVEGF-CVEGF-DPlGFsVEGFR-1sVEGFR-2sVEGFR-3Gender  male53 (66)1248 ± 28142 ± 24998 ± 57383 ± 25281 ± 381080 ± 421060 ± 38621 ± 31  female27 (34)931 ± 88\*138 ± 17986 ± 32375 ± 16209 ± 14\*1028 ± 521099 ± 43595 ± 51Age, Mean years 67.63 ± 1.56 (34--93)  \<6527 (34)912 ± 28142 ± 13782 ± 57372 ± 26207 ± 171071 ± 591025 ± 60643 ± 33  ≧6553 (66)1354 ± 33\*153 ± 201322 ± 80\*359 ± 26248 ± 33\*1099 ± 681033 ± 71632 ± 50BMI (Kg/m^2^)  \<2450 (63)1235 ± 82142 ± 16937 ± 62387 ± 32267 ± 211070 ± 43996 ± 58613 ± 40  ≧2430 (37)1286 ± 44145 ± 211315 ± 106\*370 ± 28201 ± 16\*1051 ± 531090 ± 48630 ± 48Location  colon49 (61)923 ± 32112 ± 14925 ± 59395 ± 44246 ± 181179 ± 431068 ± 33712 ± 62  rectum31 (39)1318 ± 87\*150 ± 23\*1530 ± 54\*389 ± 33232 ± 23695 ± 64\*687 ± 43\*585 ± 48\*Size (cm)  \<556 (70)933 ± 42140 ± 23916 ± 53348 ± 38300 ± 21988 ± 521021 ± 42625 ± 35  ≧524 (30)1302 ± 35144 ± 191215 ± 41\*432 ± 52\*216 ± 15\*1066 ± 481009 ± 53638 ± 53Histological differentiation  well/moderate73 (91)1215 ± 86105 ± 27979 ± 56383 ± 31235 ± 14842 ± 51733 ± 46593 ± 43  poor/mucinous7 (9)1664 ± 104\*148 ± 25\*1256 ± 62\*476 ± 44\*305 ± 26\*1136 ± 68\*1098 ± 61\*723 ± 52\*TNM stage  I/II (non-metastasis)35 (44)1048 ± 64124 ± 19901 ± 79329 ± 38182 ± 15952 ± 701034 ± 66627 ± 65  III/IV (metastasis)45 (56)1385 ± 77\*151 ± 28\*1131 ± 80\*405 ± 30\*275 ± 21\*1131 ± 811102 ± 75629 ± 56Lymph node metastasis  N039 (49)1201 ± 32119 ± 21934 ± 48341 ± 46209 ± 141057 ± 491056 ± 47625 ± 55  N1/N241 (51)1305 ± 58^†^152 ± 28\*1570 ± 81\*439 ± 60\*279 ± 20\*1069 ± 621089 ± 53634 ± 63CEA (ng/ml)  \<543 (54)1319 ± 129142 ± 181025 ± 83386 ± 31238 ± 181074 ± 521099 ± 77618 ± 74  ≧537 (46)1080 ± 101^†^148 ± 24978 ± 58372 ± 41245 ± 221108 ± 62993 ± 62599 ± 87Notes: VEGF, vascular endothelial growth factor; sVEGFR, soluble VEGF receptor; CRC, colorectal cancer; ELISA, enzyme-linked immunosorbent assay; BMI, body mass index; CEA, carcinoembryonic antigen. The mean age with a range from 34 to 93 years old was estimated from 80 CRC patients. The means ± SD values for CEA less than 5 ng/ml and more than 5 ng/ml were 2.95 ± 1.29 ng/ml and 69.19 ± 27.94 ng/ml, respectively. ^†^*p* \< 0.1; \**p* \< 0.05.

Serum sVEGFR levels in healthy and CRC subjects {#Sec7}
-----------------------------------------------

All three VEGFRs may be membrane-bound or alternatively spliced into sVEGFRs that are able to compete for VEGF binding with either membrane-bound receptors or monoclonal antibody-based drugs^[@CR6],[@CR17]^. Here, we found that the levels of circulating sVEGFR proteins differed between CRC and healthy subjects and with CRC stage (Fig. [3](#Fig3){ref-type="fig"}). When CRC patients were compared with healthy subjects, serum levels of sVEGFR-1 and -2 proteins were significantly higher in all stages and sVEGFR-3 was significantly higher in stages II-III. Stage III patients also had higher sVEGFR-1 and -3 than stage I patients. Although there were no significant differences in the levels of all sVEGFR proteins in mCRC vs. non-mCRC patients (Table [2](#Tab2){ref-type="table"}), all sVEGFR proteins varied with tumor sites and differentiation.

Correlation of VEGF with VEGFR in CRC {#Sec8}
-------------------------------------

The correlations between VEGFs and VEGFRs in the CRC subjects are summarized in Table [3](#Tab3){ref-type="table"}. We observed a positive correlation between tumor tissue and serum levels of the individual VEGF proteins. Also VEGFR-1 positively correlated with sVEGFR-1, VEGFR-2 with sVEGFR-2, and VEGFR-3 with sVEGFR-3. In addition, there were positive correlations between VEGFR-1 and serum VEGF-A, -B, and PlGF; between VEGFR-2 and serum VEGF-A, -C, and --D; between VEGFR-3 and VEGF-C and -D; between VEGF-A and VEGF-B; and between VEGF-C and VEGF-D proteins.Table 3Pearson correlation coefficients between tumor tissue and serum levels of VEGF and VEGFR proteins in the CRC patients (n = 80) after analyses of IHC and ELISA.Tumor tissuesSerumVEGF-AVEGF-BVEGF-CVEGF-DPlGFsVEGFR-1sVEGFR-2sVEGFR-3VEGF-A0.462\*\*0.297\*\*0.2150.1070.2480.384\*0.547\*\*\*0.161VEGF-B0.314\*\*0.318\*\*0.2240.1570.2510.414\*\*\*0.2310.175VEGF-C0.1870.1570.522\*\*0.360\*\*0.181−0.1120.376\*\*0.412\*\*\*VEGF-D0.1560.1880.441\*\*0.417\*\*0.1810.1370.295\*0.410\*\*\*PlGF0.2310.2050.230−0.0870.311\*0.384\*\*−0.229\*0.117VEGFR-10.348\*0.585\*\*0.1270.1440.432\*0.390\*0.1760.187VEGFR-20.874\*\*\*0.2410.612\*\*0.375\*−0.047−0.0180.299\*0.194VEGFR-30.2010.0960.579\*\*0.714\*\*\*0.1940.2110.2310.345\*Notes: CRC, colorectal cancer; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; sVEGFR, soluble VEGFR; IHC, immunohistochemistry; ELISA, enzyme-linked immunosorbent assay. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; −, negative correlation.

Association of VEGF and its receptors with survival and prognosis in CRC {#Sec9}
------------------------------------------------------------------------

Patients were separated into two groups according to high-grade (\>median) or low-grade (\<median) VEGF, VEGFR, and sVEGFR expression. Patients with high-grade or low-grade levels of VEGF, PlGF, VEGFR, and sVEGFR were defined as those observed with above or below of their respective median values (Supplementary Table [S1](#MOESM1){ref-type="media"}). Patients with high-grade levels of VEGF-A, VEGF-B, VEGF-C, VEGF-D, PlGF, VEGFR-1, VEGFR-2, VEGFR-3, sVEGFR-1, sVEGFR-2, and sVEGFR3 generally had a shorter overall survival (Figs [4A](#Fig4){ref-type="fig"}, [5A](#Fig5){ref-type="fig"}) and a shorter disease-free survival (Figs [4B](#Fig4){ref-type="fig"}, [5B](#Fig5){ref-type="fig"}) compared with those with low-grade expression. The median overall survival and disease-free results are shown in Supplementary Tables [S2](#MOESM1){ref-type="media"}, [S3](#MOESM1){ref-type="media"}.Figure 4Impact of VEGF protein expression on patient survival. Kaplan-Meier survival analysis indicating cause-specific overall survival (**A**) and disease-free survival (**B**) of patients after surgery for CRC, according to grade of VEGF expression as described in the section "Results": blue and green lines, low grade (\<median); red and pink lines, high grade (\>median); +, censored observations; blue and red lines, IHC data; green and pink lines, ELISA data; \**p \< *0.05*; \*\*p* \< 0.01; N, sample number. The IHC presented here indicated VEGF or PlGF detected in tumor tissues, while the ELISA indicated VEGF or PlGF detected in serum.Figure 5Impact of VEGFR protein expression on patient survival. Kaplan-Meier survival analysis indicating cause-specific overall survival (**A**) and disease-free survival (**B**) of patients after surgery for CRC, according to grade of VEGFR and sVEGFR expression as described in the section "Results": blue and green lines, low grade (\<median); red and pink lines, high grade (\>median); +, censored observations; blue and red lines, IHC data; green and pink lines, ELISA data; \**p \< *0.05*; \*\*p* \< 0.01; N, sample number. The IHC presented here indicated VEGFR detected in tumor tissues, while the ELISA indicated sVEGFR detected in serum.

Discussion {#Sec10}
==========

The VEGF family and its receptors act as modulators and biomarkers in CRC, based on previous studies^[@CR5]--[@CR20]^. The present study described the synchronous protein expression of all members of the VEGF and VEGFR families in CRC, and the results provide a better understanding of the correlation of each family member with the clinicopathological variables of Taiwanese CRC patients. The changes in VEGF levels in CRC patients were synchronous in tumor tissue and serum. The findings also showed that patients with stages III and IV mCRC had higher VEGF-A, -B, -C, -D, and PlGF levels in tumor tissues and serum than those with stages I and II non-mCRC. Although the mCRC patients had higher VEGFR proteins in tumor tissue and similar circulating sVEGFR levels than non-mCRC patients, the tumor tissue VEGFR positively correlated with the serum sVEGFR, which may indicate that changes in the circulating sVEGFR levels resulted from the secretion of tumor tissue. The assumption is also indirectly supported by the previous finding that all three VEGFRs can be spliced into soluble secreted VEGFRs in blood^[@CR17]^ and that mCRC patients exhibited higher serum sVEGFR levels than healthy subjects.

Different subtypes of VEGFRs not only selectively mediate cellular responses to VEGF, but also have a clinical association with CRC that depends on the VEGFR isoforms and ethnic groups included in the study^[@CR17],[@CR21]^. In particular, VEGFR-1 binds VEGF-A, -B, and PlGF to regulate the angiogenesis and epithelial-to-mesenchymal transition^[@CR21]^, VEGFR-2 binds VEGF-A, -C, and -D to promote growth and migration of endothelial cells that are favorable for vascular permeability^[@CR22],[@CR23]^, and VEGFR-3 binds VEGF-C and -D to regulate lymphangiogenesis^[@CR24],[@CR25]^. The specific relationships between VEGF members and VEGFR isoforms in CRC were supported by our findings of positive correlations of VEGFR-1 with VEGF-A, -B, and PlGF; VEGFR-2 with VEGF-A, -C, and --D; and VEGFR-3 with VEGF-C and -D. The variety of interaction mechanisms may explain how advanced stage CRC cancer cells grow through all layers of the colon or rectum or spread to nearby tissues and distant organs with angiogenesis dependency. This notion is also supported by our findings that the CRC patients had higher protein levels of all VEGFs and VEGFRs in tumor tissues than non-tumor tissues and that patients in stages III/IV had higher VEGFs and VEGFRs levels in tumor tissues than stages I and II patients (Table [1](#Tab1){ref-type="table"}). In addition, patients with mCRC and non-mCRC had higher circulating levels of VEGFs, PlGF, and sVEGFR than normal subjects.

Monoclonal antibody-based therapy against VEGF-A, PlGF, or VEGFR-2 has been effectively used in combination with chemotherapy for the treatment of mCRC to improve survival rates in patients^[@CR14],[@CR26]--[@CR32]^. For example, antiangiogenic therapy with bevacizumab plus FOLFIRI ([Fol]{.ul}inic acid/5-[F]{.ul}luorouracil/[Iri]{.ul}notecan) to target VEGF-A is an effective and well-tolerated first-line treatment for mCRC^[@CR30],[@CR31]^. Nonetheless, the overall impact of bevacizumab in prolonging survival has been limited^[@CR14]^. While the survival has improved to 24- to 28-months, the overall prognosis of mCRC remains poor, with the 5-year survival generally between 5% and 8%, despite the availability of such therapies^[@CR14]^. Since bevacizumab only targets VEGF-A, the presence of high levels of VEGFR-1 and -2 proteins in tumor tissue and their circulating sVEGFR proteins may compete with bevacizumab for VEGF-A binding, resulting in drug resistance. As the VEGF-B, VEGF-C, VEGF-D, and PlGF proteins can compete with VEGF-A for the VEGFR-1 or VEGFR-2 binding, the rising or retention levels of the four VEGF members during combinatorial therapy with bevacizumab and FOLFIRI might also compensate for the loss of VEGF-A. This may affect the effectiveness of drug treatment and tumor recurrence after surgery. In this study, we found that preoperative mCRC patients exhibited higher levels of all VEGF family members in blood and tumor tissue, had higher VEGFR proteins in tumor tissues, and retained the same level of sVEGFR in serum compared with non-mCRC patients. In parallel, higher circulating levels of sVEGFR-1 were present in stage III CRC patients than stage I; while, the sVEGFR-2 levels were the same in advanced stages. Moreover, we observed the following positive correlations: VEGFR-1 with VEGF-A, -B and PlGF; VEGFR-2 with VEGF-A, -C, and --D; and VEGF-A with VEGF-B, sVEGFR-1, and sVEGFR-2. Notably, when the five post-operative CRC patients treated with a combination of bevacizumab with FOLFIRI were examined (Supplementary Fig. [S1](#MOESM1){ref-type="media"}), they exhibited lower circulating VEGF-A levels during the 12 cycles of treatment. Interestingly, VEGF-B and PlGF proteins were increased, VEGF-C, VEGF-D, and sVEGFR-1 proteins were maintained, and sVEGFR-2 was significantly decreased. Further research is necessary to determine whether alterations in the patterns of serum VEGF and sVEGFR protein levels caused by combinatorial therapy with bevacizumab and FOLFIRI will affect the effectiveness of drug treatment and tumor recurrence after surgery.

Association of VEGF expression with CRC has been reported to vary with the types and levels of the VEGFs, the patient's clinicopathological variables, and the patient's ethnicity^[@CR4]--[@CR16],[@CR33]--[@CR38]^. Our experiments showed that Taiwanese patients with stages III and IV mCRC had higher VEGF-B and -D levels in tumor tissues than those with stages I and II non-mCRC and that patients with high-grade levels of VEGF-B and -D had a shorter overall survival and a shorter disease-free survival compared with those with low-grade expression. Like VEGF-A, VEGF-C and PlGF, both VEGF-B and VEGF-D could be prognostic markers for survival in Taiwanese CRC. This conclusion is consistent with those reported for high VEGF-B expression in carcinoma tissues in Belgian, German, and Japanese mCRC patients^[@CR33]--[@CR35]^, as well as those observed for positive associations of high VEGF-D expression with poor survival, lymph node metastasis, and progression of CRC in Belgian, Chinese, Japanese, and/or UK patients^[@CR10],[@CR11],[@CR33],[@CR36]^. However, a New Zealand study for CRC patients indicated higher VEGF-B mRNA expression in adenoma than normal tissues and carcinomas, higher VEGF-D mRNA expression in normal tissues than tumor tissues, and no correlations of both VEGF-B and VEGF-D mRNA levels with the patient's clinicopathological variables^[@CR7]^. Notably, the IHC data from the same study showed low basal levels of VEGF-B and -D in histologically normal tissues, VEGF-B immunopositivity in both adenoma and invasive CRC, and VEGF-D immunopositivity in an invasive CRC. The observed VEGF-B and VEGF-D immunopositivity in the invasive CRC appears consistent with those observed for high VEGF-B and -D protein levels in mCRC of our study and other reports^[@CR10],[@CR11],[@CR33]--[@CR36]^. Unfortunately, the researchers did not take further steps to quantify VEGF-B and VEGF-D protein levels from New Zealand CRC patients in association with tumor stages and patient survival. Possible explanations for the discrepancy between studies are that the distinct isoforms of VEGF-B and VEGF-D occur in human normal tissues and CRC at varying levels and that primers and antibodies used for respective detections of VEGF-B and VEGF-D mRNAs and proteins vary with their spliced variants, isoforms, primer sequences, and/or antibody affinity employed^[@CR10],[@CR11],[@CR33]--[@CR38]^.

There were several limitations in this study. First, the analyses of VEGF and VEGFR protein levels have only been carried out in a single cohort without an independent validation cohort. Because of the limits of grant budgets and sample sizes, we did not perform an independent validation cohort study, or begin with a group of non-exposed individuals that developed the CRC or not in our follow-up study. Second, the cohort approach is time consuming and is prone to bias due to loss to follow-up over a long period^[@CR39]^. Indeed, we had 29 CRC patients unwilling to participate in the ELISA study over the period, 4 CRC patients loss to follow-up because of the deaths with heart disease, and more than 15 stage IV CRC patients out of the prognosis of disease-free survival. Third, although we found level differences of serum VEGF and sVEGFR proteins between non-CRC and CRC subjects, in which the sera of non-CRC subjects were collected from healthy subjects who had undergone a colonoscopy study, we were not allowed to get the colon or rectal tissues from healthy subjects for our cohort study. Because of these methodological limitations, the interpretations of our results from a single cohort study should be cautious, and firm conclusions as to whether a causal relationship between VEGF, VEGFR, and Taiwanese CRC patients is established will require more thorough independent validation cohort studies on a large population basis.

We conclude that patients with mCRC have higher VEGF-A, -B, -C, -D, PlGF, VEGFR-1, -2, and -3 proteins in tumor tissues than non-mCRC patients, and higher circulating levels of VEGF-A, -B, -C, -D, and PlGF proteins. The tumor tissue levels were synchronous with circulating levels of VEGFs, as were the correlations with VEGFRs and sVEGFRs and relationships with clinicopathological variables. Thus, particular VEGF, VEGFR, and/or sVEGFR proteins may be useful markers for gauging the clinical effect of various treatments on CRC patients as high protein levels of VEGFs, VEGFRs, and sVEGFRs are associated with poor survival in CRC patients living in Taiwan.

Methods {#Sec11}
=======

Patients and samples {#Sec12}
--------------------

Between 2005 and 2017, a total of 114 CRC patients were enrolled from the Colorectal Section of the Tri-Service General Hospital (Taipei, Taiwan) and Taoyuan Armed Forces General Hospital. Written informed consent to analyze tumors and sera was obtained from the patients before surgery and all experimental protocols (TSGHIRB No. 098-05-292, 2-105-05-129, TY101-14, and TY102-08) in this study were approved by the Institutional Research Board (Ethical Committee) at the National Defense Medical Center of the Tri-Service General Hosptial (Taiwan). The methods were carried out in accordance with the relevant guidelines and regulations. Exclusion criteria included patients who had preoperative chemotherapy or radiotherapy and a family history of CRC or polyposis. We examined the clinical parameters of the CRC patients, including personal profiles, colonoscopic biopsy results, clinical staging, pathologic diagnosis, and lymph node metastasis^[@CR40],[@CR41]^. Colonic tissues were collected from freshly isolated surgical resections from CRC patients, normal colonic mucosa was obtained from the distal edge of the resection at least 10 cm from the tumor, and tumor tissues were taken from the edge of the tumor with exclusion of grossly necrotic tissues. All tissues were snap-frozen in liquid nitrogen and stored at −80 °C until later use. Sera were collected at the time of examination before surgery. Among the 109 CRC patients fulfilling the inclusion criteria, 80 were also enrolled in the serum study. The clinicopathological characteristics for the 109 and 80 CRC patients are summarized in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, respectively. For each clinicopathological variable, the ratio between the two groups was similar in tumor tissue and serum. Normal serum samples were also collected from 50 healthy subjects (mean age, 58.34 ± 1.53 years; and mean body mass index (BMI), 25.2 ± 2.4 kg/m^2^), with consent, who had undergone a colonoscopy study.

Immunohistochemistry {#Sec13}
--------------------

We first used NOVA Histo (Cat\#LB0200-0100, Bionovas biotechnology Co., Toronto, Ontario, CA) for the deparaffinization, rehydration, and antigen retrieval of formalin-fixed and paraffin-embedded sections (3 µm). Second, we followed the protocols for the EXPOSE Mouse and Rabbit Specific HRP/DAB detection IHC kit (Cat\#ab80436, Abcam Plc. Cambridge, UK) to perform the immunohistochemical staining of VEGF and VEGFR proteins at room temperature. Sections were treated with 0.3% H~2~O~2~ for 10 min to neutralize endogenous peroxidase activity. They were washed twice with 1X PBST buffer and then blocked with Protein Block for 10 min. Primary VEGF and VEGFR antibodies were diluted as indicated in Supplementary Table [S4](#MOESM1){ref-type="media"} and incubated on the sections for 30 min. Sections were washed twice with buffer, incubated with Complement for 10 min, exposed to goat anti-HRP conjugate for 15 min, and visualized with the addition of Chromogen-DAB Substrate solution for 5 min. They were washed with buffer and then the nucleus was stained with hematoxylin for 3 min. The intensity of the immunostaining sections was graded as described by Vahedi *et al*.^[@CR42]^ and quantitated using the image-J system^[@CR43]^: 0, positive staining in less than \<5% of cells; 1, 5--25% immunoreactive cells; 2, 26--50% immunoreactive cells; and 3, \>50% immunoreactive cells. For statistical purposes, only immunoreaction final scores of 2 and 3 were considered positive. Native controls were performed in each stage of CRC patients omitting the primary antibody. Tissue sections and images of all of the CRC specimens were reassessed by a pathologist (Dr. J.-L. Chang) to confirm presence and grade of tumor.

Enzyme-linked immunosorbent assay (ELISA) {#Sec14}
-----------------------------------------

Commercially available Quantikine ELISA kits for VEGF, sVEGFR, and carcinoembryonic antigen (CEA) were used according to the manufacturer's instructions (Supplementary Table [S5](#MOESM1){ref-type="media"})^[@CR44]^. The antibody specificity was shown in the instruction of the individual ELISA kit as described in detail previously by the manufacturers.

Statistical analysis {#Sec15}
--------------------

Data were expressed as means ± SD, unless otherwise noted. We followed previous methods to analyze the results using SPSS statistical software (IBM SPSS Statistics 20.0.1)^[@CR45]^. The unpaired Student's t-test was used to examine differences between two groups. One-way ANOVA followed by the Student-Newman-Keuls multiple range test was used to examine differences among multiple groups. The Chi-square (χ^2^) test was used to analyze the relationship between the expression of VEGF in CRC with clinicopathological variables. The Pearson correlation analysis was used to examine correlations among VEGFs, VEGFRs, and sVEGFRs. Kaplan-Meier survival analysis was used to detect cause-specific overall survival and disease-free survival of patients after surgery for CRC. A *p*-value less than 0.05 was considered statistically significant.
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